Background: Human polypyrimidine tract binding protein 3 (PTBP3) was first discovered in 1999 and has been well characterised as a differentiation regulator. However, its role in human cancer has rarely been reported. Our previous study revealed increased PTBP3 protein level in gastric cancer tissues. Downregulation of PTBP3 suppressed the proliferation and differentiation of gastric cancer cells in vivo.
Alternative splicing (AS) is a post-transcriptional regulatory mechanism, which allows individual genes to produce multiple mRNA isoforms. Abnormalities in the expression and activity of splicing factors contribute to the pathogenesis of cancer and other human diseases (Chabot and Shkreta, 2016) . Members of heterogeneous nuclear ribonucleoproteins (hnRNPs) family are important AS regulators, among which polypyrimidine tract binding protein (PTB, also named as PTBP1 or hnRNP I) is a well-investigated one (Wagner and Garcia-Blanco, 2001; Spellman et al, 2007) . However, fewer reports have been published regarding the biofunction of its paralog PTBP3 (also known as the regulator of differentiation 1, ROD1).
Human PTBP3 was first discovered and isolated in 1999, and was found to regulate the differentiation and proliferation of hematopoietic cells and cardiac stem cells (Yamamoto et al, 1999; Hosoda et al, 2011) . Further studies showed that PTBP3 could enhance the mitogenic activity of acidic amphipathic C-terminal peptide (C21) of thrombospondin-4 (Sadvakassova et al, 2009) . Recently, PTBP3 has also been found to play important roles in lung adenocarcinoma (Tano et al, 2010) , glioblastoma multiforme and squamous cell carcinoma (Ooi et al, 2014) . However, the role of PTBP3 in gastric cancer remains further elucidation.
Our previous study has found higher level of PTBP3 protein in gastric cancer tissues. In addition, PTBP3-silenced MKN45 cells displayed poorer proliferation and differentiation in vivo (Chen et al, 2014) . In the present study, we found that PTBP3 knockdown in gastric cancer cells induced apoptosis and cell cycle arrest at S-phase. Inhibition of PTBP3 expression also sensitised cancer cells towards 5-FU treatment. Further investigation on the underlying mechanism revealed that modulation of Bcl-x splicing event and HDAC6/Akt/TYMS pathway were involved in the anti-tumour effect of PTBP3 silencing. These results suggested that PTBP3 might be a promising diagnostic biomarker for gastric cancer and target for novel anti-tumour therapies.
MATERIALS AND METHODS
Cell culture and transfection. Cell lines including AGS, BGC823, MGC803, MKN45, SGC7901 were purchased from Cell Bank of Type Culture Collection of Chinese Academy of Sciences. Cells were grown in RPMI-1640 medium (Life Technologies, Carlsbad, CA, USA) with 10% heat-inactivated calf serum, penicillin (100 U ml À 1 ) and streptomycin (100 U ml À 1 ), and incubated at 37 1C in a humidified atmosphere of 95% air and 5% CO2. Cell transfection was performed using Biotool DNA Transfection Reagent according to the manufacturer's instruction.
Human gastric cancer samples. Human gastric cancer samples and adjacent tissues were collected at the time of surgical resection at Xinhua Hospital, Shanghai Jiaotong University. Samples were snap-frozen in liquid nitrogen immediately upon collection and then stored at À 80 1C. Informed consents have been obtained from patients and use of human tissues was approved by the Ethical Committee of Xinhua Hospital based on the Declaration of Helsinki Principles.
MTT assays. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma Chemical (St Louis, MO, USA). MTT assays were performed as described in the previous study (Lin et al, 2016) . Briefly, the cells were transfected with indicated plasmids 24 h before the treatment of 5-FU for another 24 h. The efficiency of the plasmids at 48 h after transfection were tested beforehand. PTBP3-pSilencer plasmid was constructed in our previous study (Chen et al, 2014) . PTBP3-expressing pcDNA 3.1( þ ) plasmid was purchased from Biogot Technology (Nanjing, China).
Flow cytometry analysis. Apoptosis of transfected cells was determined using Biotool Annexin V-FITC Detection Kit and a FACScalibur flow cytometer (Becton Dickinson, San Jose, CA, USA) as described in the previous study (Shen et al, 2013) . As for the analysis of cellular DNA content, transfected cells were stained with propidium iodide (Vazyme, Nanjing, China) according to the manufacturer's instructions, and analysed using the FACScalibur flow cytometer.
RNA extraction, RT-PCR, and qPCR. Total RNA extraction and reverse-transcription PCR (RT-PCR) were performed as described in the previous report (Mao et al, 2015) . Quantitative PCR (qPCR) assays were conducted using SYBR Premix Ex Taq II (Tli RNaseH Plus; Takara, Duren, Germany) and a CFX96 real-time PCR detection system (Bio-Rad, Hercules, CA, USA).
Plasmid construction. PTB-targeting pSilencer plasmid was constructed as described in the previous report (Zheng et al, 2015) . Briefly, pSilencer 2.1-U6 Neo vector and the non-targeting control plasmid were purchased from Invitrogen. The siRNA sequence used for PTB knockdown was 5 0 -GCGTGAAGATCCTGTTCAATA-3 0 , which was a validated sequence obtained from Sigma-Aldrich website. Hairpin shRNA strands were designed according to the manufacturer's instruction and synthesised by Generay Biotech. Single-strand oligonucleotides of shPTB were then annealed into double strands and inserted into the pSilencer vector.
Western blot analysis. Extraction of protein were performed according to the previous report . Western blotting assays were performed as described in a previous study (Zheng et al, 2013) . Primary antibodies used are listed as follows: anti-PTBP3 (sc-100845, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-PARP-1 (GTX100573, GeneTex, Irvine, CA, USA), anti-cleaved caspase-3 (9664s, Cell Signaling Technology, Beverly, MA, USA), anticleaved caspase-9 (sc-22182, Santa Cruz Biotechnology), anti-PTB (12582-1-AP, Proteintech, Rosemont, IL, USA), anti-TYMS (15047-1-AP, Proteintech), anti-MRP1 (GTX116046, GeneTex), anti-MRP2 (7985-1, Epitomics, Burlingame, CA, USA), anti-p-gp (7719-1, Epitomics), anti-Akt (4691, Cell Signaling Technology), anti-p-Akt (4060, Cell Signaling Technology), and anti-HDAC6 (12834-1-AP, Proteintech). Propidium iodide (PI) and 5-bromo-4-chloro-3-indolyl4phosphate/nitro blue tetrazolium (BCIP/NBT) were purchased from Sigma Chemical.
Statistical analysis. All Data were obtained from triplicate experiments and expressed as mean ± s.d. As for the PTBP3 level in gastric cancer tissues, Mann Whitney tests were employed. For the data of apoptotic subpopulation obtained from flow cytometry assays, Chi-square tests were applied. To compare the effect of PTBP3 silencing on the viability of gastric cancer cells treated with 5-FU, two-way ANOVA tests were performed. Student's t-tests were employed for analysing other data. The significance of difference was described as *Po0.05; **Po0.01; ***Po0.001.
RESULTS
Expression level of PTBP3 in gastric cancer tissues and cells. Our previous study has found that PTBP3 protein was overexpressed in gastric cancer tissues (Chen et al, 2014) . To further confirm these results, we first tested the mRNA expression of PTBP3 in tissue samples from gastric cancer patients. MannWhitney test showed significantly higher PTBP3 level in tumour tissues than in adjuvant non-tumour (NT) tissues ( Figure 1A) . Comparison of PTBP3 level in paired cancer and NT tissues revealed that PTBP3 was upregulated in 23 cases (23/26, 88.5%) involved in this study ( Figure 1B) . Further, PTBP3 expression was found to be associated with lymph node metastasis and differentiation of the tumours. Consistently, higher PTBP3 was observed in tumour tissues from stage III patients. However, no significant difference of PTBP3 level was observed between subcategories divided by age (p60 or 460) or gender (Table 1 ).
Next, we tested PTBP3 expression in five gastric cancer cell lines. The results showed that PTBP3 was highly-expressed in BGC823 and MGC803 cells and relatively lowly-expressed in AGS, MKN45, and SGC7901 cells ( Figure 1C ). The expression of PTBP3 in gastric cancer cells was higher than that in NT tissues as well. Taken together, PTBP3 was upregulated in gastric cancer tissues and cell lines at the mRNA level, suggesting that it might play an important role in gastric cancer.
Inhibition of PTBP3 in gastric cancer cells induced apoptosis and cell cycle arrest. Further, we investigated the impact of PTBP3-silencing on gastric cancer cells. PTBP3 was knocked down in MKN45 cells using siRNAs or a pSilencer vector (PTBP3-pSilencer). Non-targeting siRNA (si-NC) and pSilencer 2.1-U6 neo negative control plasmid (NC-pSilencer) were employed as respective negative controls. Sequences of the siRNAs and that expressed by the pSilencer plasmid were distinct and nonoverlapping. The results showed prompted cleavage of poly-ADP-ribose polymerase (PARP-1), caspase-3, and caspase-9 in PTBP3-silenced cells, suggesting that inhibition of PTBP3 expression led to activation of mitochondrial apoptotic pathway in MKN45 cells (Figure 2A ). Similar results were observed in MGC803 and BGC823 cells with PTBP3 inhibited by PTBP3-pSilencer as well ( Figure 2A ).
Additionally, PTBP3 silencing-induced apoptosis was confirmed by Annexin V-FITC/propidium iodide (PI) staining and flow cytometry analyses ( Figure 2B ). We also analysed the DNA content in cells transfected with PTBP3-pSilencer. Interestingly, PTBP3 inhibition led to S-phase arrest in all three cell lines detected ( Figure 2C ). Higher sub-G1 population was also observed in PTBP3-silenced cells as well, which confirmed the effect of PTBP3-silencing on cellular apoptosis (data not shown). Taken together, PTBP3 silencing induced apoptosis and arrested cell cycle progression in human gastric cancer cells, which may be responsible for the growth inhibition of PTBP3-silenced cells in vivo.
PTBP3 switched the AS of Bcl-x via modulating PTB expression. We further investigated the molecular mechanism underlying PTBP3's regulatory effect on apoptosis. Activation of caspase-9 could trigger a caspase signalling cascade, such as the loss of mitochondrial membrane potential and the cleavage of anti-apoptotic Bcl-2, Bcl-xL, and Mcl-1 (Chen et al, 2007) . Since caspase-9 was activated upon PTBP3 inhibition, we speculated that PTBP3 might be able to regulate the AS of Bcl-2 family members. Among these regulators, Bcl-x has been found to generate two mRNA isoforms via AS: anti-apoptotic Bcl-xL and pro-apoptotic Bcl-xS. We thus explored the effect of PTBP3 silencing on Bcl-x AS. Bcl-xL and Bcl-xS mRNAs were detected using specific primers and the results showed elevated Bcl-xS/Bcl-xL ratio in PTBP3-silenced gastric cancer cells ( Figure 3A and B) . Therefore, knockdown of PTBP3 promoted the generation of Bcl-xS, which was, at least partly, responsible for the apoptosis induced in PTBP3-silenced cells.
However, it has been reported that PTBP3 protein could not bind to Bcl-x mRNA (Brazão et al, 2012) , indicating that PTBP3 might modulate the AS of Bcl-x in an indirect way. Numerous splicing factors have been reported to regulate the splicing event of Bcl-x, among which PTB is a recently identified one (Bielli et al, 2014) . Moreover, PTB has been found to regulate the expression of PTBP3 and itself via switch their splicing. We thus speculated that PTBP3 might also be able to modulate the expression level of PTB in a similar way and thereby affect the AS of Bcl-x. Consistent with our hypothesis, qPCR and Western Blot assays showed that in PTBP3-inhibited cells, both PTB mRNA and protein levels were increased ( Figure 3C and D) .
To further confirm the intermediate role of PTB, a PTB targeting pSilencer plasmid (PTB-pSilencer) was constructed, and MKN45 cells were transfected with PTBP3-and/or PTB-pSilencer. Consistent with previous reports (Spellman et al, 2007; Han et al, 2014) , inhibition of PTB in MKN45 cells led to upregulation of PTBP3 mRNA and protein level ( Figure 3E ). Moreover, PTB silencing reversed the increase of Bcl-xS/Bcl-xL ratio resulting from PTBP3-silencing ( Figure 3E ). These results indicated that PTBP3 regulated the AS of Bcl-x in a way mediated by PTB. DNA content 
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PTBP3 modulated the chemosensitivity of gastric cancer cells towards 5-FU and regulated the expression of multi-drug resistance-related proteins. Resisting apoptosis is a critical mechanism underlying drug resistance (Wu et al, 2014) . We thus further investigated whether PTBP3 knockdown could enhance the chemosensitivity of gastric cancer cells. MKN45, MGC803, and BGC823 cells were first transfected with NC-or PTBP3-pSilencer, and then treated with 5-FU. MTT assays showed that inhibition of PTBP3 could sensitise gastric cancer cells towards 5-FU and L-OHP treatment ( Figure 4A and 5A ). In addition, we employed a PTBP3-expressing plasmid (PTBP3-pcDNA 3.1( þ )) to induce PTBP3 in SGC7901 cells. The efficiency of PTBP3-pcDNA 3.1( þ ) in SGC7901 cells was first validated by a western blot assay and pcDNA 3.1( þ ) empty vector was used as a control. MTT assays further showed that cells pre-transfected with PTBP3-pcDNA 3.1( þ ) were more resistant against 5-FU than those pretransfected with pcDNA 3.1( þ ) vector ( Figure 4B ). These results indicated that PTBP3 contributed to 5-FU resistance in gastric cancer cells.
It has been reported that thymidylate synthase (TYMS) is a critical determinant of 5-FU cytotoxicity (Kawate et al, 2002) . We thus explored the effect of PTBP3 silencing on the expression of TYMS. The results showed reduced TYMS mRNA and protein levels upon PTBP3 silencing ( Figure 4C and D) . This was consistent with our previous results that PTBP3 knockdown led to cell cycle arrest at S phase, since TYMS was found to play an important role in DNA biosynthesis (Carreras and Santi, 1995) .
Moreover, we investigated whether PTBP3 may be involved in regulating the multi-drug resistance of gastric cancer cells. The protein levels of putative drug transporters MRP1, MRP2 and p-gp were detected. Lower protein levels of MRP2 and p-gp, but not MRP1, were found in PTBP3-silenced cells ( Figure 4C ). QPCR assays showed that mRNA expression of MRP2 and p-gp was also downregulated ( Figure 4E and F) .
PTBP3 inhibition-induced cell chemosensitisation was mediated by HDAC6/Akt pathway. We further wished to identify the mechanism by which PTBP3 modulated the expression of TYMS. It has been reported that Akt inhibitor (LY294002) decreased TYMS expression in chemoresistant colorectal cancer cells (Ahn et al, 2015) . Consistently, PTBP3 knockdown in gastric cancer cells inhibited the phosphorylation of Akt as well ( Figure 5B ). Furthermore, PTB knockdown improved the phosphorylation of Akt ( Figure 5E ). Among all the proteins whose mRNA has been identified to physically interact with PTBP3 (Brazão et al, 2012) , HDAC6 has been reported to be a regulator of p-Akt level (Balliu et al, 2015) . We thus tested whether HDAC6 mediated PTBP3 inhibition-induced cell chemosensitisation. QPCR and Western Blot assays showed both HDAC6 mRNA and protein were downregulated in PTBP3-silenced cells, and upregulated in PTBsilenced cells (Figure 5B-E) . Taken together, these results indicated that PTBP3 promoted the expression of HDAC6 in gastric cancer cells, which further enhanced the phosphorylation of Akt and thereby elevated the TYMS level.
DISCUSSION
PTBP3 has been characterised as a regulator of cell differentiation since its first discovery in 1999 (Yamamoto et al, 1999) . Recently, several studies have reported the potential role of PTBP3 in regulating other biological events. For example, PTBP3 was found to enhance hypoxia-induced cell death in HEK293 cells (Fasanaro et al, 2012) . Moreover, physical interaction between PTBP3 and mitochondrial tRNA suggested that PTBP3 might be involved in regulating cellular apoptosis via a non-canonical way (Marnef et al, 2015) .
The role of PTBP3 in human cancers appears to be tissue specific. PTBP3 was found to be significantly lower in glioblastoma multiforme tissues than in normal brain tissues . However, higher expression of PTBP3 was observed in lung squamous cell carcinoma (Ooi et al, 2014) . Moreover, downregulation of PTBP3 inhibited the migration of lung cancer cells (Tano et al, 2010) . Our previous study showed elevated PTBP3 in gastric cancer tissues; knockdown of PTBP3 led to poorer growth of gastric cancer cells in vivo (Chen et al, 2014) . In the present study, we confirmed that PTBP3 mRNA level was higher in gastric cancer tissues and cells. Further research found that inhibition of PTBP3 expression could induce apoptosis and inhibited drug resistance against 5-FU in gastric cancer cells.
Previous studies have reported that knockdown of PTB promoted PTBP3 exon2 skipping, which generated a isoform that cannot be translated efficiently (Han et al, 2014) . Consistently, our results showed that the expression of PTBP3 was elevated upon PTB-silencing. Indeed, inhibition of PTBP3 exerted similar effect on the expression of PTB, suggesting a mutual regulation between these two paralogs. Notably, the inclusion of PTB exon 11 has been reported to be repressed by PTB protein itself, which generated a frameshifted mRNA degraded by nonsense-mediated decay (NMD; Wollerton et al, 2004) . Since PTBP3 and PTB share more than 70% identical sequences and a common arrangement of RNA recognition motifs (RRMs; Spellman et al, 2007) , they may function similarly at least in several splicing events. Therefore, PTBP3 may regulate the expression of PTB in the same way as PTB itself does.
A typical example of the splicing events within Bcl-2 family is the one of Bcl-x. Alternative usage of 5 0 splice site in the exon 2 of Bcl-x pre-mRNA generates two variants with opposite functions. The longer isoform, Bcl-xL, has been reported to be anti-apoptotic whose overexpression was associated with drug resistance and poor prognosis (Zhou et al, 2015) ; on the contrary, the shorter one, BclxS, was found to promote apoptosis (Plötz et al, 2012) . The regulation of Bcl-x splicing has been proved to be complicated, which involved several splicing factors (Cloutier et al, 2008; Revil et al, 2009; Pedrotti et al, 2012; Bielli et al, 2014) . Our exploration found that inhibition of PTBP3 expression indirectly promoted the generation of Bcl-xS via upregulating PTB.
It has been reported that HDACs are involved in the acquisition of 5-FU resistance (Lee et al, 2006; Iwahashi et al, 2011) . Our exploration found that chemosensitisation induced by PTBP3 knockdown was mediated by HDAC6/Akt/TYMS pathway, which confirmed the role of HDAC6 in regulating the chemoresistance against 5-FU. Indeed, HDAC6 has been reported to form a complex with protein phosphatase 1 (PP1). Disruption of HDAC6/ PP1 complex released active PP1 which could dephosphorylate Akt (Balliu et al, 2015) . Inhibition of Akt was found to decrease the expression of TYMS (Ahn et al, 2015) , critical determinant of 5-FU sensitivity in cancers. These reports were consistent with our findings that inhibition of PTBP3 in gastric cancer cells led to dephosphorylation of Akt and lower level of TYMS. The impact of PTBP3 knockdown on cell cycle progression may be mediated by TYMS as well since it catalyses the sole pathway of thymidylate biosynthesis (Chu et al, 2003) . Inhibition of TYMS in PTBP3-silenced cells dysregulated the biosynthesis of DNA and thereby led to the S phase arrest.
Aside from inhibiting TYMS, PTBP3 silencing also reduced the expression of MRP2 and p-gp, but not that of MRP1. We hypothesised that this might also result from Akt inactivation, which has been reported to induce the expression of CHOP (Hyoda et al, 2006) . Human MRP2 and MDR1 gene contains a C/ EBPb-binding site while MRP1 gene does not (Tanaka et al, 1999; Scotto, 2003; Baudis et al, 2006) . Indeed, CHOP has been found to modulate the transcription of genes with C/EBPb-binding site (Elizondo et al, 2009 ). Therefore, CHOP may mediate the downregulation of MRP2 and p-gp by PTBP3 silencing. This further confirmed the role of PTBP3 in regulating HDAC6/Akt pathway.
In summary, our present study identified the potential role of PTBP3 in regulating apoptosis and chemoresistance against 5-FU in gastric cancer cells. Further exploration revealed the involvement of PTB and HDAC6/Akt/TYMS pathway as underlying mechanisms. These results showed that PTBP3 may serve as a potent target for the clinical treatment of gastric cancer.
